Mutations of the GJB1 gene encoding connexin 32 (Cx32) cause the X-linked form of Charcot-Marie-Tooth disease (CMTX1), a demyelinating peripheral neuropathy for which there is no cure. A growing body of evidence indicates that ATP release through Cx32 hemichannels in Schwann cells could be critical for nerve myelination, but it is unknown if CMTX1 mutations alter the cytosolic Ca 2þ -dependent gating mechanism that controls Cx32 hemichannel opening and ATP release. The current study uncovered that loss of the C-terminus in Cx32 (R220X mutation), which causes a severe CMTX1 phenotype, inhibits hemichannel opening during a canonical IP 3 -mediated increase in cytosolic Ca 2þ in HeLa cells. Interestingly, the gating function of R220X hemichannels was completely restored by both the intracellular and extracellular application of a peptide that mimics the Cx32 cytoplasmic loop. All-atom molecular dynamics simulations suggest that loss of the C-terminus in the mutant hemichannel triggers abnormal fluctuations of the cytoplasmic loop which are prevented by binding to the mimetic peptide. Experiments that stimulated R220X hemichannel opening by cell depolarization displayed reduced voltage sensitivity with respect to wild-type hemichannels which was explained by loss of subconductance states at the single channel level.
Introduction
Connexin 32 (Cx32) is a 32 kDa protein of the connexin family that is abundantly found in the liver, but it is also expressed in many other tissues and in particular the peripheral nervous system where it localizes in myelinating Schwann cells to the paranodes, the periodic interruptions in the compact myelin called Schmidt-Lanterman incisures, and the two outer layers of myelin (1, 2) . Mutations in the GJB1 gene, which encodes Cx32, are the leading cause of the X-linked dominant form of Charcot-Marie-Tooth disease (CMTX1, OMIM reference number: 302800) (3, 4) , the second most common form of hereditary motor and sensory neuropathy and a disease for which there is no cure. Since mutations were first reported in 1993 (5), over 450 different GJB1 mutations associated with CMTX1 including missense, frameshift, deletion and non-sense ones have been identified [according to HGMD V R (6) ]. Special intracellular gap junction (GJ) channels are formed in myelinating Schwann cells when hexamers of Cx32 (connexons or hemichannels) spanning opposite myelin layers dock end-toend, providing a diffusive radial path for the rapid exchange of ions and metabolites between the abaxonal and adaxonal region (3, 7) . This has led to the attractive hypothesis that Cx32 GJ channels are critical for the passage of K þ and signaling molecules across the myelin sheath of Schwann cells, whose function is not only to myelinate axons but also to maintain their long-term functional integrity (8) . Several experiments using cultured cells expressing Cx32 pathological mutations displayed protein retention within intracellular compartments (9) (10) (11) (12) and/or impaired formation/functionality of GJ plaques (10, 11, (13) (14) (15) (16) (17) (18) , suggesting that junctional communication of adjacent myelin layers is impaired by the mutations in vivo. The radial pathway along the myelin sheath does not, however, appear to be slower for dye diffusion in Cx32-null mice with respect to the wild-type (WT) due to the presence of other connexins forming GJs (7) . Nonetheless, Cx32-null mice develop a peripheral neuropathy with CMTX1 features (19) (20) (21) , indicating that other functions performed by Cx32 in Schwann cells could be involved in the pathogenesis of the disease. Connexin hemichannels are now recognized as paracrine signaling mediators capable of influencing the development (22) as well as the physiology and pathology of the nervous system (23) (24) (25) as they allow direct communication between the intraand extra-cellular milieus. A growing body of evidence indicates that ATP release through Cx32 hemichannels in Schwann cells could be critical for the myelination process (26) (27) (28) (29) , while excessive opening observed in vitro in mutant Cx32 hemichannels was proposed to underlie CMTX1 development (30) (31) (32) . In the peripheral nervous system, electrical stimulation of myelinated nerves triggers axonal ATP release which induces Ca 2þ increases in the cytosol and the mitochondrial matrix of the surrounding Schwann cells via P2Y receptor activation (33) (34) (35) (36) . This neuron-to-Schwann cell mitochondria pathway is likely to have an important role in proper myelination as in vivo chronic suppression of the purinergic-mediated signaling inhibits correct myelin formation and causes hypomyelination (36) . Cx32 hemichannels may contribute to regulate the myelination process by enhancing the intracellular and intercellular Ca 2þ signaling in Schwann cells by an ATP-induced ATP release mechanism. The molecular determinants of this gating mechanism, which is controlled by cytosolic Ca 2þ concentration ([Ca 2þ ] i ) changes (37) (38) (39) , have still to be determined, whereas it is unknown if CMTX1 mutant hemichannels present with altered opening during purinergic stimulation.
The present work addresses these issues by novel experimental and theoretical analyses of a well known CMTX1 mutation, a C-terminus (CT) truncation at amino acid 220 (R220X), first reported in 1994 (40) . Despite the fact that electrically conductive channels are formed in Cx32-R220X transfected cells (16) (17) (18) 41) , the mutation is characterized by severe CMTX1 phenotype in patients (42) . Combining dual patch-clamp and optical fluorescence microscopy, we uncovered severe gating alterations in mutant R220X hemichannels expressed in transfected HeLa cells, which are well suited for dissecting connexin properties since they are connexin-free (43) . In particular the gating mechanism dependent on [Ca 2þ ] i was analysed in R220X hemichannels unveiling its inhibition during a [Ca 2þ ] i increase stimulated by extracellular ATP or histamine. A recovery strategy for the mutant hemichannel was also found by a peptide that mimics the cytoplasmic loop (CL) of Cx32 and interpreted by all-atom molecular dynamics simulations.
Results

R220X hemichannel opening is inhibited during an IP 3 -mediated increase in cytosolic Ca 2þ
Experiments were performed at room temperature (22-24 C) in
Cx32 transfected HeLa cells, following protocols described in detail in Materials and Methods. Briefly, we measured Cx32 hemichannel opening and closing using whole-cell patch-clamp during Ca 2þ release from intracellular stores stimulated by 10 mM ATP ( caused by these stimuli increased the stability of the hemichannel resting closed state. Immediately before the puff, the average membrane resistance R m of both Cx32-WT and Cx32-R220X transfected cells was >2 GX (>4 GX for untransfected cells), thus corresponding to nearly complete closure of Cx32 hemichannels. Experiments with the connexin hemichannel blocker carbenoxolone (CBX, 100 mM) confirmed that G m variation during the [Ca 2þ ] i transient in Cx32-WT transfected cells was mainly mediated by Cx32 hemichannels (Fig. 1C and D) . Similar effects were obtained by the extracellular application of GAP24 peptide (200 mM), a selective Cx32 hemichannel blocker (38) that mimics the central region of the CL of Cx32 by the twelve amino acids
For WT hemichannels, the increase of G m was followed by a rapid return to resting levels, consistent with the bell-shaped dependence of Cx32 hemichannel open probability on [Ca 2þ ] i that is nearly zero at 50 nM (the resting [Ca 2þ ] i ) and maximal at 500 nM (38) . The time course of DG m was fitted by two exponential functions, providing time constants for opening (s o ) and closure (s c ) mechanisms. Opening was significantly faster than closure as s o ¼ 0.86 s 6 0.32 s vs. s c ¼ 1.16 s 6 0.30 s (mean 6 standard error of the mean, SEM; n ¼ 7, P ¼ 0.05) for the experiments with ATP ( Fig. 1E and F -dependent gating mechanism involving WT and R220X hemichannels.
R220X hemichannels exhibit reduced voltage sensitivity and lack conductance substates
Cx32 hemichannels are sensitive to membrane potential and start to open at positive values (16) . To investigate Cx32 voltage sensitivity, a À75 mV to þ105 mV linear voltage ramp was applied under whole-cell recording conditions to isolated HeLa cells transfected with Cx32-WT or Cx32-R220X ( Fig. 2A) . Hemichannel opening, characterized by a non-Ohmic increase of membrane current (I m ) at positive membrane potentials (V m ), was observed starting at þ35 6 22 mV (mean 6 standard deviation, STD) for WT and þ58 6 20 mV for R220X. At the end of the voltage ramp, near þ100 mV, both WT and R220X hemichannels were fully open with similar I m values. Control experiments demonstrated that GAP24 (0.2 lM, intracellular) not only blocks the [Ca 2þ ] i -dependent gating of Cx32-WT hemichannels [ Fig. 1 and (38)], but also inhibits their voltage-dependent opening.
In order to explain the different voltage sensitivities observed in WT and R220X hemichannels at the macroscopic level, single channel recordings were carried out in cellattached configuration while V m was stepped from 0 mV to þ80 mV by a second pipette under whole-cell conditions (Fig. 2B) . Histograms of single channel conductance were then obtained from the whole experimental data set ( Fig. 2C and D and Supplementary Material Table S1 ), identifying five substates (s1-s5) for WT hemichannels, together with a fully open state at 73.9 6 3.1 pS. The fully open state of the mutant hemichannel was very similar (74.0 6 2.5 pS) to that of WT, but s1 and s2 substates were absent, and s3 and s4 (27.9 pS and 43.9 pS, respectively) were detected with very low probability. Given that the fully open state conductance of single WT and R220X hemichannels was similar as well as the whole-cell conductance at saturating voltage stimulation ( Fig. 2A inset) , we deduced that the average number of hemichannels in these experiments was similar for WT and R220X transfectants.
The cytosolic Ca 2þ -dependent gating of R220X hemichannels is restored by GAP24 mimetic peptide
As the WT blocker GAP24 mimics part of Cx32 CL, which is relevant for both Ca 2þ and voltage gating in Cx32 GJ channels (44), we tested the possibility of a positive (paradoxical) effect of the peptide on R220X hemichannels (Fig. 3) . As in previous experiments described in Fig. 1 , we promoted a [Ca 2þ ] i rise by applying 10 mM ATP through a puff micropipette to a single HeLa cell expressing Cx32-R220X. Interestingly, we found that the cytosolic Ca 2þ -dependent gating of R220X hemichannels was fully functional in cells that were either pre-treated with 200 mM extracellular GAP24 (30' incubation þ 5' washout) or directly injected with GAP24 at 2 mM through a patch pipette (Fig. 3A-D) . The F12R peptide, a 12-residue irrelevant fragment of Thyroglobulin with same length of GAP24 (sequence F-P-D-A-F-V-T-F-S-A-F-R), was tested as negative control by injection at 2 mM. The exponential fit of DG m time course provided time constants for R220X hemichannels treated with GAP24 similar to those found in the WT experiments. In experiments with extracellular GAP24, mutant hemichannel opening and closure time constants were s o ¼ 1.13 6 0.24 s and s c ¼ 3.00 6 0.88 s, respectively (mean 6 SEM, n ¼ 7; P ¼ 0.01). In experiments with intracellular GAP24, we obtained s o ¼ 0.62 6 0.07 and s c ¼ 1.12 6 0.13 (mean 6 SEM, n ¼ 7; P ¼ 0.01). Finally, we used the same voltage ramp outlined in Figure 2A to test if GAP24 affects the voltage gating of R220X hemichannels (Supplementary Material, Fig. S3 ). We found that GAP24 is not a blocker for the mutant hemichannels, and the voltage-gating defect of R220X hemichannels was not modified by GAP24 application. Supplementary Material, Table S2 summarizes the different effects exerted by GAP24 in WT and R220X hemichannels.
Excessive CL fluctuations in the R220X hemichannel model are stabilized through application of GAP24
In the attempt to provide a theoretical interpretative framework for our experimental results, we developed all-atomistic molecular dynamics models of Cx32-WT and Cx32-R220X hemichannels embedded in a phospholipid bilayer with explicit solvent ( Fig. 4A and B). Root mean square fluctuations (RMSFs) suggested that the CL domain of the mutant protein is less rigid than its WT counterpart ( Fig. 4D ), which assumes a more defined configuration, as shown by the clustering of the TM2-CL-TM3 configurations in the molecular dynamics trajectories (inset). Simulation of R220X hemichannel dynamics with nine freely diffusing GAP24 molecules detected preferential binding of the peptide to the CL in a 1:1 ratio (Video 1). Interestingly, binding of GAP24 stabilized the CLs of the R220X hemichannel to the level of the WT one (Fig. 4D ).
To rule out the possibility that the diversity in CL fluctuations observed in WT and R220X hemichannels could have been dependent on the particular configuration adopted for the WT CT domain, which is considered a disordered protein (45), we improved the sampling of the WT model by generating 100 independent configurations of the CT using a Monte Carlo algorithm. Analysis of normal modes (46) confirmed that fluctuations of the R220X CL were significantly larger than those of the WT, independently of the specific CT configuration considered in the WT model (Fig. 4E ).
GJ unitary conductance and permeability are not altered by the R220X mutation Cx32 mutations can cause pathological dysfunctions not only by affecting hemichannel gating but also by imparting connexon permeability defects. Indeed, Oh et al. (13) hypothesized that the primary defect underlying CMTX1 in the presence of electrically functional Cx32 mutants is the lower permeability of GJ channels to second messenger molecules, in particular to cAMP, which is involved in myelin homeostasis in Schwann cells (47) . To test this hypothesis, we measured the unitary conductance, as well as the permeabilities to cAMP and Lucifer yellow (LY), of GJ channels connecting pairs of HeLa cells transfected with Cx32-WT or Cx32-R220X. We found that the unitary conductance of fully open WT GJ channels (28.0 6 1.8 pS, mean 6 STD, Fig. 5A ) was similar to that of R220X GJ channels (27.6 6 1.2 pS). We also identified two conductance substates in WT GJ channels at 6.3 pS and 13.9 pS, but none in R220X mutants. The unitary conductance of the fully open state measured experimentally for WT GJ channels was at the lower R220X þ GAP24 EXTRA data using the Mann-Whitney U test yielding P ¼ 0.56; **P < 0.005.
limit of the 31-70 pS range described in the literature (13, 48, 49) due to the low mobility of the aspartate anion (49, 50) , which was the main negative charge carrier present in our intracellular solution. In a separate experiment, using CsCl instead of KAsp, we obtained a unitary conductance of 65 pS, close to the 70 pS value reported in (13) . By combining dual patch-clamp with Fö rster resonance energy transfer (FRET) microscopy (51), we also measured the unitary permeability to cAMP (Fig. 5B and C and Supplementary Material, Table S3 ) and found that in WT GJ channels it was slightly but not significantly lower than in R220X mutants (38.5 6 8.9 Â 10 À3 lm 3 /s vs. 49.7 6 13.4 Â 10 À3 lm 3 /s, respectively; mean 6 SEM; n ¼ 5; P ¼ 0.75). The unitary permeability to the larger permeant LY (Fig. 5D and E and Supplementary Material, Table S3 ) was the same for WT and R220X GJ channels (12.9 6 2.4 Â 10 À3 lm 3 /s vs. 12.9 6 3.6 Â 10 À3 lm 3 /s, respectively; mean 6 SEM, n ¼ 6 WT, n ¼ 5 R220X; P ¼ 0.99).
Junctional communication depends on both the single channel permeability and the number of channels forming GJ plaques. To test the latter condition in Cx32 transfected HeLa cells, we considered a large dataset of dual patch clamp experiments and found 18.8 6 15.2 nS (mean 6 STD, n ¼ 27) for WT junctional conductance G j and 13.8 6 12.6 nS for R220X G j (n ¼ 19, Supplementary Material, Fig. S4A and B) , but the difference did not result significant (P ¼ 0.13). However, in HeLa cells with higher transfection efficiency the R220X mutation significantly affected GJ plaque assembly resulting $2.6 fold higher G j in WT than R220X transfectants (50. In the R220X connexon, the CL and the TM4 helix have significantly wider fluctuations (indicated as beta factors) with respect to WT, whose mean 6 STD was obtained from 100 connexon models using independent configurations of the CT domain.
Discussion
The main experimental findings of this work are that: (i) Cx32 hemichannels carrying a pathological CT truncation at amino acid 220 fail to open in response to a canonical IP 3 -mediated signal transduction cascade that elevates [Ca 2þ ] i ; (ii) both intracellular and extracellular application of GAP24 mimetic peptide rescues the phenotype of the mutant hemichannels; (iii) R220X GJ channels are functional for the passage of ions, signaling molecules (cAMP) and larger solutes (LY). These results lean towards the hypothesis (28) that Schwann cell purinergic signalling alteration due to Cx32 hemichannel dysfunction underlies CMTX1 and have implications for developing a treatment for CMTX1 due to the R220X mutation.
In accord with previous reports (16, 28) , R220X hemichannels also displayed a reduced sensitivity to transmembrane voltage. At the single channel level, the defect correlates with a lower number of conductance substates in R220X hemichannels compared with that in WT hemichannels, which in most cases (78%) switched from a closed to an open configuration through intermediate conductance levels (s1-s4). Notwithstanding different subconductance properties, the unitary conductance of the fully open state of WT and R220X hemichannels was nearly identical (73.9 pS vs. 74.0 pS, respectively) and close to the 87.2 pS value measured in Xenopus oocytes transfected with Cx32-WT (52) . It remains to be established if gating of Cx32 hemichannels by transmembrane voltage plays a physiological role in the peripheral nervous system, given that WT hemichannels start to open at þ35 mV while the resting potential of Schwann cells is approximately À40 mV (53, 54) .
Taken together, our data suggest that the CT of Cx32 is not directly involved in the opening of WT hemichannels, e.g. by a classical ball-and-chain mechanism (55, 56) . Its effect on gating is probably indirectly exerted by a specific interaction with the channel that our model indicates as a thermodynamic stabilization of the CL, which does not require a particular configuration of the intrinsically disordered CT. Abnormal CL fluctuations are then expected to occur also in other mutant hemichannels lacking the most of the CT domain, e.g. R223X and N226X mutants (57, 58) , which form GJ plaques with normal conductance. More generally, our model suggests that CL-CT interaction could be critical for Cx32 hemichannel gating, as already demonstrated for Cx32 GJ channels (59, 60) and Cx43 hemichannels (61), which share very similar gating mechanisms with Cx32 hemichannels (38, 62) . Given that the CL of Cx32 contains subdomains that are relevant for both cytosolic Ca 2þ -dependent and voltage-dependent gatings in GJ channels (44) , the inhibited opening that we observed in R220X hemichannels during ATP and histamine stimulation might reflect an inability of specific CL residues involved in channel opening to react to the rapid [Ca 2þ ] i elevation during release of Ca 2þ from intracellular stores located near the plasma membrane (63) where Cx32 hemichannels are located. Indeed, delivery of 500 nM free Ca 2þ via patch pipette triggered the opening of R220X hemichannels with a slow dynamics similar to that of WT hemichannels, suggesting that the gating mechanism is not abolished by the loss of the CT. As the CT of Cx32 is a substrate for protein kinases (64) , it is also possible that the CT truncation abolishes a gating regulation by protein phosphorylation, which might reduce the affinity for Ca 2þ .
The experimental finding that GAP24 restored the cytosolic Ca 2þ -dependent gating of R220X hemichannels supports our conclusion that the CT is only indirectly involved in the opening mechanism, while molecular dynamics simulations suggest a possible explanation for the effect of GAP24. In fact, the model predicts that the interaction between GAP24 and the Cx32-R220X hemichannel stabilizes the CL fluctuations to the same extent as that found in Cx32-WT. The interaction of GAP24 with an intracellular target was already hypothesized in (38) and is supported by the observation that different time intervals and concentrations of GAP24 (30' by extracellular incubation at 200 lM, 1' by intracellular injection at 2 lM) were required in our experiments with Cx32-WT or Cx32-R220X hemichannels to obtain a significant effect by the peptide. The selectivity of GAP24 for Cx32 hemichannels (38) suggests that the mimetic peptide is able to directly interact with specific Cx32 intracellular domains, which our model indicates as the CL domain in Cx32-R220X hemichannels. We cannot exclude that, in Cx32-WT hemichannels, the blocking action of GAP24 involves other Cx32 domains, e.g. the CT, which is bound in Cx43 hemichannels by a peptide (GAP19) that mimics the Cx43 CL and blocks the hemichannel gating by cytosolic Ca 2þ (61, 65) .
Whether excessive CL fluctuations in R220X hemichannels impair exposure of specific CL residues to a target responsible for channel opening would require a more detailed gating model, which is still debated with regard to hemichannels and GJs constituted of any connexin isoform (60, 66, 67 ] i resting conditions and their opening can be prevented by the W7 calmodulin inhibitor (38) . As calmodulin is a mediator of the hemichannel gating by cytosolic Ca 2þ , the local regulation of calmodulin expression in non-compact regions of myelinating Schwann cells (72) could influence the gating sensitivity of Cx32 hemichannels.
In addition to gating defects, we also investigated the possibility that loss of the CT in Cx32 channels carrying the R220X mutation determines connexon permeability alterations. The finding that WT and R220X unitary conductances of the fully open state were nearly identical both in hemichannels and GJ channels, together with the detection of similar unitary permeabilities to cAMP and LY, indicate that the R220X connexon is functional for the passage of ions and larger solutes. Consequently, previous works reporting reduced R220X gap junctional communication (16, 41, 73) should be interpreted in terms of limited GJ formation, given that the CT of Cx32 is important for the growth and stability of GJ plaques (74) . Based on our experiments, significantly limited formation of R220X plaques arose only when expression levels of Cx32 were exacerbated. This observation could explain why other investigators reported similar conductance and intercellular dye diffusion for WT and R220X GJs (17, 18, 57) . Indeed, mutant GJ plaques in our expression system were always notably larger than those formed in the myelinating Schwann cells of WT mice (2) (hundreds vs. tens of channels, respectively), indicating that, at least in vitro, Cx32-R220X is able to form large GJ plaques.
The conclusion that the key role of Cx32 in the myelination process does not involve GJ channels was suggested in (27) and supported by the recent observation that defective Cx32 GJ plaque formation in 14 CMTX1 mutants correlates only with central nervous system abnormalities (10). Furthermore, the CMTX1 phenotype arises in Cx32-null mice although the radial path along the myelin sheath does not appear to be slower for dye diffusion with respect to that in WT mice (7) . It is, therefore, unlikely that the alteration of Cx32 GJ channels due to the R220X mutation triggers degeneration of the peripheral nervous system.
In conclusion, while the study of Cx32 hemichannels requires further investigation in the myelin sheath of Schwann cells, our findings link gating alterations of Cx32 hemichannels in human HeLa cells to CMTX1 pathogenesis, unveiling a key role for the CT of Cx32 hemichannels in the purinergicmediated opening by [Ca 2þ ] i . More importantly, the finding that the Ca 2þ -dependent gating of R220X hemichannels was restored by both intracellular and extracellular application of GAP24 could be the first step towards studies investigating a treatment for CMTX1 due to the R220X mutation and possibly to other pathological CT truncations of Cx32.
Materials and Methods
Cell culture and transfection
We cultured a clone of HeLa cells (DH clone, Sigma-Aldrich) that is essentially devoid of connexins. Dual patch-clamp experiments performed in our lab confirmed that there were no GJs among the cells. HeLa cells were cultured in Dulbecco's modified eagle's medium (DMEM, Gibco, Thermo Fisher Scientific) supplemented with 10% FBS (Gibco) and 1% PenicillinStreptomycin (5000 U/ml, Gibco) at 37 C in a humidified incubator with 5% CO 2 . The day after plating cells onto 12 mm diameter glass coverslips, they were transfected with a pIRES2-EGFP expression vector (Clontech) carrying the coding region of human Cx32-WT (RefSeqGene: NG_008357.1) or Cx32-R220X (c.658C > T; p.Arg220Ter) using Lipofectamine 2000 or Lipofectamine 3000 (Thermo Fisher Scientific). The vectors were deposited at Addgene: https://www.addgene.org/Mario_ Bortolozzi/; date last accessed November 2, 2017). At the time of the experiment, cytosolic GFP fluorescence was excited by LED light at 480 nm in order to identify the transfected cells to allow subsequent imaging/electrophysiology analysis. To study the GJ unitary conductance (Fig. 5A ), cells were transfected with pIRES2 vector (Clontech) encoding Cx32-WT or Cx32-R220X and the cytosolic red fluorescent protein DsRed-Express2 (excited by LED light at 565 nm). Due to its lower transfection efficiency with respect to pIRES2-EGFP, the vector permitted us to find HeLa cell pairs connected by only 1 to 3 active Cx32 channels. To study the GJ unitary permeability to cAMP (Fig. 5B and C) , cells were co-transfected with pIRES2-EGFP vector encoding Cx32-WT or Cx32-R220X and pcDNA3.1-mCerulean-Epac(dDEP-CD)-mCitrine vector encoding the protein denoted CEPAC (75) , which is a pH and Cl -insensitive FRET sensor for cAMP.
Imaging and electrophysiological experiments
Live imaging and electrophysiological experiments were performed 24 h after transfection. A glass coverslip with transfected cells was transferred to an experimental chamber mounted on the stage of an upright wide-field fluorescence microscope (BX51, Olympus) with an infinity-corrected water immersion objective (40X, 0.8 NA, NIKON) and superfused at 2 ml/min with an extracellular solution at room temperature (22-24 C) . A home-made spinning disk was inserted into the optical path of the microscope as in (76) to acquire confocal images with a sCMOS camera (PCO Edge 5.5). Electrophysiological signals were acquired using Axon patchclamp amplifiers (Axon 200B or 700B, Molecular Device) with a dual headstage configuration capable of carrying out simultaneous measurements. Electrophysiological data acquired by pClamp software (version 10.4, Molecular Device) were analysed utilizing software developed in our lab using the Matlab tool (The MathWorks, Inc.). A single stage puller (PP-830, Narishige) was used to obtain patch pipettes from borosilicate glass capillaries (GC150-15 and G85150T-4, Harvard Apparatus). DC resistance of patch electrodes ranged from 4 to 9 MOhm, depending on the glass and solutions utilized in the experiment. Intracellular solutions were filtered through a 0.22 mm pore size membrane (Millipore).
Hemichannel cytosolic Ca 2þ -dependent gating (ATP or histamine stimuli)
The opening/closure dynamics of Cx32 hemichannels stimulated by a physiological [Ca 2þ ] i transient was studied using combined imaging and patch-clamp techniques ( Fig. 1 and  Supplementary Material, Fig. S1 ). Experiments were performed on isolated HeLa cells that were untransfected or transfected with Cx32-WT or Cx32-R220X. To elicit a physiological [Ca 2þ ] i , increase (77), 10 mM ATP or 250 mM histamine, diluted in extracellular solution, were gently puffed for 20 s using a pipette positioned close (50 mm) to the selected cell. Cells were previously loaded with 10 mM Fura Red or Fura-2 acetoxymethyl esters (Molecular Probes, Thermo Fisher Scientific) by 30' incubation at 37 C with Pluronic F-127 (0.1%, w/v) and 250 mM sulphinpyrazone. Once loaded, the cells were moved to the experimental chamber and continuously superfused with an extracellular solution containing 140 mM NaCl, 5 mM KCl, 10 mM HEPES, 0.5 mM CaCl 2 , 2 mM sodium pyruvate and 5 mM glucose, 4 mM TEA-Cl, 4 mM CsCl, 2 mM 4-AP, 2mM TRAM-34, 400 nM UCL-1684 (pH 7.4, 328 mOsm). A patch pipette was filled with an intracellular solution containing 130 mM KAsp, 10 mM NaCl, 10 mM KCl, 10 mM HEPES, 1 mM MgCl 2 , 50 mM Fura-2 pentapotassium salt (pH 7.2, 313 mOsm). Fifty mM BAPTA was utilized instead of 50 mM Fura-2 pentapotassium salt in the experiments with ATP puff. After at least 20' de-esterification, the selected cell was contacted by the patch pipette and a whole-cell configuration was achieved while monitoring Fura fluorescence to check for unwanted [Ca 2þ ] i transients stimulated by the mechanical stretch of the cell. The ATP/histamine puff was then applied within a minute after the cell was opened while maintaining it at À20 mV (approximately its resting potential). To favour Cx32 hemichannel opening during the [Ca 2þ ] i increase, the extracellular gate controlled by divalent cations (78) was maintained nearly open by 500 mM extracellular Ca 2þ (52) . Cx32 hemichannel opening was monitored in terms of membrane conductance variation (DG m ) computed by the periodic application (at 1 Hz) of a þ10 mV voltage step lasting 100 ms. Contribution to DG m by other Ca 2þ -activated channels was kept negligible by specific blockers contained in the extracellular solution. Cx32 hemichannels in HeLa transfectants were forced to open at the end of each experiment by a þ100 mV depolarizing voltage step lasting 60 s to confirm that similar conductances were expressed by WT and R220X hemichannels once fully open. The same test was carried out in the untransfected cells as a negative control. Experiments with membrane resistance R m <1 GX, determined immediately after the whole-cell was achieved, were discarded from the analysis as they were considered indicative of previous Cx32 hemichannel openings. Ca 2þ dynamics were quantified using Fura values DR/R 0 ¼ (R(t) À R 0 )/R 0 , averaged in a region of pixels corresponding to the patched cell, where R(t) is Fura ratio at time t and R 0 is the pre-stimulus ratio. Fura-2 ratio was defined as R(t) ¼ F 360 /F 380 , where F 360 and F 380 were emission intensities recorded at 520 nm (ET520/40M filter, Chroma) during excitation by a monochromator (Polychrome V, Till Photonics) at 360 nm and 380 nm, respectively. Fura Red ratio was defined as R(t) ¼ F 425 /F 480 , where F 425 and F 480 were emission intensities recorded at k > 610 nm (BA610IF-LP long-pass filter, Olympus) during excitation by collimated LEDS (Thorlabs) filtered at 425 nm (EO425/25, Edmund Optics) and 480 nm (D480/ 40M, Chroma), respectively. Images were analysed with software developed in our laboratory using Matlab tools. Connexin blocker carbenoxolone (CBX, Sigma-Aldrich) was incubated in the extracellular solution for 30' at 100 mM, followed by a 5' washout before contacting the selected cell by patch pipette. Selective Cx32 hemichannel blocker GAP24 (Alpha Diagnostic International) was incubated in the extracellular solution for 30' at 200 mM concentration, followed by 5' washout before contacting the selected cell by patch pipette (Figs 1 and 3) . When delivered via patch pipette, GAP24 was mixed with an intracellular solution at 2 mM concentration (Fig. 3) . The control F12R peptide (sequence F-P-D-A-F-V-T-F-S-A-F-R) was delivered into the cell by an identical procedure (Fig. 3) . F12R was supplied by the Peptide Facility of the Biotechnology Centre (CRIBI) of the University of Padua.
Hemichannel cytosolic Ca 2þ -dependent gating (Ca 2þ delivery via patch pipette)
Cx32 hemichannel opening was stimulated by a direct injection of 500 nM Ca 2þ via patch-pipette, while monitoring [Ca 2þ ] i using Fura-2 and membrane conductance by periodic application (1 Hz) of þ10 mV voltage steps lasting 100 ms ( Supplementary  Material, Fig. S2 ). The cell was maintained at À20 mV (approximately its resting potential) for the entire duration of the experiment. Experiments with membrane resistance R m <1 GX, determined immediately after the whole-cell was achieved, were discarded from the analysis as they were considered indicative of previous Cx32 hemichannel openings. Patch pipettes were filled with an intracellular solution containing 500 nM free Ca 2þ and composed of 115 mM KAsp, 10 mM NaCl, 10 mM KCl, 
Hemichannel voltage-dependent gating (whole cell recordings)
A voltage-clamp protocol was utilized to control membrane potential (V m ) while measuring membrane current (I m ) variation under whole-cell conditions ( Fig. 2A ). Experiments were performed on isolated HeLa cells under different conditions. We continuously superfused cells with an extracellular solution containing 140 mM NaCl, 10 mM HEPES, 5 mM KCl, 5 mM glucose, 1 mM MgCl 2 , 2 mM CaCl 2 , 2 mM sodium pyruvate, 2 mM TEA-Cl and 2 mM CsCl (pH 7.4, 326 mOsm). The patch pipette was filled with an intracellular solution containing 117 mM KAsp, 10 mM NaCl, 10 mM HEPES, 8 mM KCl, 5 mM BAPTA tetrapotassium salt, 1 mM CaCl 2 , 1 mM MgCl 2 (pH 7.2, 311 mOsm). Two minutes after achieving the whole-cell configuration, a linear V m ramp from À75 mV to þ105 mV was applied to the cell for 360 s to stimulate Cx32 hemichannel opening, characterized by a non-Ohmic I m increase at positive potentials. Experiments with membrane resistance R m <1 GOhm, measured immediately after achieving a whole-cell configuration, were discarded from the analysis as they were considered indicative of previous Cx32 hemichannel openings. Negative control experiments were performed in several conditions: (i) 15' extracellular preincubation with 100 mM flufenamic acid (FFA, Sigma-Aldrich), a known hemichannel blocker; (ii) intracellular delivery via patch pipette of 200 nM GAP24 peptide; (iii) cell transfection by Lipofectamine 3000 without the Cx32 plasmid vector; (iv) parental (untransfected) HeLa cells.
Hemichannel voltage-dependent gating (single channel recordings)
A dual voltage-clamp protocol, based on simultaneous wholecell and cell-attached recordings at the same cell, was utilized to control membrane potential V m while measuring single Cx32 hemichannel current through the membrane patch. Experiments were performed on isolated HeLa cells transfected with Cx32-WT or Cx32-R220X (Fig. 2B-D) . The whole-cell pipette potential was stepped for 20 s to þ80 mV starting from 0 mV, while the cell-attached pipette was maintained at same potential of the bath (0 mV). We continuously superfused cells with an extracellular solution containing 140 mM NaCl, 10 mM HEPES, 5 mM KCl, 5 mM glucose, 1 mM MgCl 2 , 2 mM CaCl 2 and 2 mM sodium pyruvate (pH 7.4, 318 mOsm). The pipette in wholecell configuration was filled with an intracellular solution containing 110 mM KAsp, 10 mM NaCl, 10 mM TEA-Cl, 10 mM HEPES, 5 mM CsCl, 5 mM EGTA and 3.6 mM ATP-potassium, 
Cx32 connexon model
Cx32 connexon models have already been proposed for the WT transmembrane (TM) region in (79,80) based on a low resolution density map of Cx43 (81) . Given that Cx32 and Cx26 share the highest sequence identity (about 64% vs. 50% of Cx43) and motif-based sequence matching, we developed a Cx32 connexon model based on the high resolution crystallographic structure of Cx26 (82) that shows a completely different positioning of TM helices with respect to previous Cx32 models. The model of Cx32-WT protomer was generated by homology modeling using Phyre 2.0 server (83) from the X-ray structure of Cx26 (82) . Homology was poor at the CT of Cx32 due to different lengths of this domain with respect to Cx26. Cx32-R220X protein was modeled by truncating its WT counterpart at the 219 amino acid. The coordinates of WT and R220X protomers were subsequently fitted onto an equilibrium configuration of Cx26-WT connexon model (84) in order to obtain hemichannel models (Fig. 4A) . The two hemichannels were embedded in a plasma membrane represented by 494 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) molecules, using the same methodology described in (80) . The systems were then solvated with full atom three point charge (TIP3P) water containing Cl À and K þ ions at a concentration of 150 mM to neutralize the positive net charge of the connexon and to mimic a physiological ionic strength. The protein, membrane, water and ion complex comprised approximately 250, 000 atoms for both systems.
Connexon model equilibration
We initially performed a short energy minimization run, followed by equilibrium molecular dynamics under periodic boundary conditions using unitary boxes of 12 Â 12 Â 11 nm for both systems, consistent with the channel density measured in a Cx26 GJ plaque by atomic force microscopy (85) . Equilibrium molecular dynamics simulations were carried out using GROMACS 4.6 software (86) and an Amber03 force field (87) in the NPT ensemble, lasting 100 ns for both systems. The simulated time window was sufficient to equilibrate both systems, as noted in our previous connexin models (84, 88, 89) . Temperature T and pressure P were kept constant at 300 K and 1 atm, respectively, using the Berendsen thermostat and barostat (90) . Fast smooth Particle-Mesh Ewald summation (91) was used for long-range electrostatic interactions, with a cut off of 1.0 nm for direct interactions. The integration step was set at 2 fs. Clustering of the configurations for the cytoplasmic loop was obtained using the Clustering tool plugin in the Visual Molecular Dynamics (VMD) software. The RMSD cut-off chosen for each cluster was 1.5 Å . The five most representative clusters covered more than 50% of the trajectories (inset of Fig. 4D ).
Analysis of normal modes
Since CT of Cx32-WT is considered an intrinsically disordered protein (45) , a all-atom simulation of its complete dynamics is not feasible with the computational resources that are presently available. We thus decided to use analysis of normal modes combined with a Monte Carlo approach to explore the spectra of possible CT configurations (Fig. 4E) . Normal modes represent large-scale collective motions that take place in time scales that are not easily accessible to classical molecular dynamics simulations (>1 ms) and whose amplitude is correlated with protein fluctuations at the atomistic level (46) . Only alpha carbons were taken into consideration in this CT model as they are the only atoms determining fluctuations in a situation where the interaction energy was limited to the steric hindrance. Using this approach, we generated a sequence of 100 different configurations of the CT, each one obtained from the previous configuration by one million random displacements of each alpha-carbon. No symmetry was imposed during the Monte Carlo dynamics in order to obtain independent CT configurations. For each configuration, we performed normal mode analysis of the entire hemichannel to calculate atomic fluctuations based on the algorithm described in (92) . The average result of the 100 normal mode simulations was compared with normal mode analysis of the Cx32-R220X hemichannel.
GJ unitary conductance
Experiments were performed on isolated HeLa cell pairs transfected with Cx32-WT or Cx32-R220X. We continuously superfused cells with an extracellular solution containing 140 mM NaCl, 10 mM HEPES, 5 mM KCl, 5 mM glucose, 1 mM MgCl 2 , 2 mM CaCl 2 and 2 mM sodium pyruvate (pH 7.4, 318 mOsm). Patch pipettes were filled with an intracellular solution containing 110 mM KAsp, 10 mM NaCl, 10 mM tetraethylammonium chloride (TEA-Cl), 10 mM HEPES, 5 mM CsCl, 5 mM EGTA and 3.6 mM ATP-potassium, 1.3 mM CaCl 2 , 1 mM MgCl 2 , 0.4 mM GTPsodium (pH 7.2, 305 mOsm). Once the whole-cell configuration was achieved, both cells 1 and 2 were voltage-clamped at their common resting potential (around À20 mV). The junctional current I j (Fig. 5A ) was measured in cell 2 by applying a voltage step V j ¼ þ80 mV to cell 1 for 10 s. The corresponding junctional conductance G j ¼ I j /(V j ÀV a ) was computed by considering the potential drop V a due to pipette access resistances. Only recordings showing an opening of 1-2 junctional channels were considered for analysis. The same experiments were also performed as a control in cells expressing hundreds of WT or R220X channels after uncoupling them with saturating CO 2 application in the bath, measuring the unitary conductance of the fully open state c while observing re-opening of a few channels during the wash-out.
GJ unitary permeability
A combined patch-clamp and fluorescence microscopy technique developed in (51) was utilized to compare the single channel permeability of WT and R220X GJs to cAMP and the fluorescent tracer LY. Experiments were performed on isolated HeLa cell pairs transfected with Cx32-WT or Cx32-R220X. We continuously superfused cells utilizing the same extracellular solution used to measure the GJ unitary conductance. Patch pipettes were filled with an intracellular solution containing 120 mM KAsp, 20 mM NaCl, 10 mM HEPES, 5 mM KCl, 5 mM EGTA, 1 mM MgCl 2 , 1 mM CaCl 2 (pH 7.2, 310 mOsm). For cAMP transfer assays, we added 125 mM cAMP (Sigma-Aldrich), 100 mM IBMX (Sigma-Aldrich), a phosphodiesterase inhibitor, and 1 mM dideoxyadenosine (Calbiochem), a non-competitive adenylate cyclase inhibitor to the intracellular solution. We dissolved 500 mM LY (Sigma-Aldrich) in the intracellular solution for the LY transfer assays. Both cells were contacted in all the permeability experiments ( Fig. 5B-E ) by two pipettes containing identical intracellular solutions and initially maintained in the cellattached configuration. A few seconds after the onset of imaging recording, we ruptured the patch of membrane under the pipette sealed to cell 1 but left the seal intact (whole-cell recording conditions for cell 1, WC 1 ), allowing the compound of interest (cAMP or LY) to fill the cell by passive diffusion from the patch pipette. At the same time, we quantified the compound concentration by fluorescence acquisition. When HeLa cells were co-transfected with the CEPAC bio-sensor (75), the FRET emission ratio R (480 nm/535 nm) was used to quantify cAMP variation as DR/R 0 , where R 0 is the ratio measured before WC 1 (Fig. 5B) . When HeLa cells were injected with LY, the change in intracellular concentration was measured as the ratio between the total LY fluorescence emitted by the cell (collected by a 520/ 40 filter) and the cell volume (Fig. 5D) . By the middle of the experiment, we also established whole-cell recording conditions for cell 2 (WC 2 ), which permitted both assays of its reaction to direct delivery of the compound and measurement of the junctional conductance G j in response to þ10 mV steps applied alternatively to each cell. Finally, we applied CO 2 to the bath to prove that transfer occurred through GJ channels. Only cell pairs that showed complete uncoupling by the CO 2 were retained for the analysis. The permeability value P u for a single channel ( Fig. 5C and E and Supplementary Material, Table S3 ) was obtained using formulas derived in (51), averaging P u values between 35 s and 45 s after WC 1 where permeability values were found to be more stationary. As P u computation requires precise estimates of cell volumes, at the end of each permeability experiment, z-stacks (250 nm step) of patched cells were acquired using our spinning disk confocal system. Cell membrane contours were visualized by the red fluorescence emission of the lipophilic tracer FM4-64 (Life Technologies) that we applied for 2' in the 10 mM bath concentration. Offline, the cell shape and volume were reconstructed using software developed by us with the aid of the Matlab tool.
Immunostaining
Twenty-four hours after transfection with pIRES2-EGFP coding Cx32-WT or Cx32-R220X, cells were fixed in 2% PFA and permeabilized in 2% BSA, 0.01% TritonX100 for 15 min. Cells were then incubated with anti-Cx32 primary antibody (Invitrogen, Thermo Fisher Scientific) diluted overnight in 1% BSA at 4 C. After 3 washes, a secondary antibody (Alexa Fluor 568 goat anti-rabbit IgG, Thermo Fisher Scientific) was applied for 1 h at room temperature. After incubation with DAPI, the samples were mounted onto glass slides with a mounting medium (FluorSave TM Reagent, Merck Millipore) and observed using a confocal microscope (TCS SP5, Leica) equipped with an oilimmersion objective (63Â HCX PL APO 1.4 NA, Leica). Z-stacks (step size 0.2 lm) were performed on pairs of transfected HeLa cells (Supplementary Material, Fig. S4D and E) . Threedimensional reconstruction and measurement of the GJ plaque size were performed utilizing a software developed in our lab using the Matlab tool (Supplementary Material, Fig. S4F ).
Statistical analysis
Data are presented as mean 6 STD or mean 6 SEM. Due to the small sample size, pairwise comparisons were tested for significance using a 2-tailed nonparametric Mann-Whitney U test. The 1-tailed test was specified in the text whenever it was used. P< 0.05 was considered statistically significant. Box plots indicates (from top to bottom): outliers (higher than Q3 þ 1.5 Â IQR); maximum (excluding outliers); upper quartile (Q3); median; lower quartile (Q1); minimum (excluding outliers); and outliers (lower than Q1-1.5 Â IQR); IQR ¼ Q3-Q1.
Supplementary Material
Supplementary Material is available at HMG online.
